Objectives: The role of the norepinephrine transporter (NET) in cocaine dependence has never been demonstrated via in vivo imaging due to the lack of suitable NET radioligands. Here we report our preliminary studies evaluting the NET in individuals with cocaine dependence (COC) in comparison to healthy controls (HC) using (S,S)-[ C-MRB-PET acquisition using a High Resolution Research Tomograph (HRRT). Binding potential (BP ND ) parametric images were computed using the simplified reference tissue model (SRTM2) with occipital cortex as reference region. BP ND values were compared between the two groups. Results: Locus coeruleus (LC), hypothalamus, and pulvinar showed a significant inverse correlation with age among HC (age range 5 25-54 years; P 5 0.04, 0.009, 0.03 respectively). The BP ND was significantly increased in thalamus (27%; P < 0.02) and dorsomedial thalamic nuclei (30%; P < 0.03) in COC as compared to HC. Upon age normalization, the upregulation of NET in COC also reached significance in LC (63%, P < 0.01) and pulvinar (55%, P < 0.02) regions. Conclusion: Our results suggest that (a) brain NET concentration declines with age in HC, and (b) there is a significant upregulation of NET in thalamus and dorsomedial thalamic nucleus in COC as compared to HC. Our results also suggest that the use of [ 11 C]MRB and HRRT provides an effective strategy for studying alterations of the NET system in humans. Synapse 64:30-38,
INTRODUCTION
Cocaine and other addictive drugs induce neuroadaptions in brain which may be mediated at the genetic level and may play a role in induction and persistence of drug dependence (McClung and Nestler, 2003; Zhang et al., 2004) . The understanding of the nature of such molecular adaptations and their anatomical distribution can be crucial in understanding the neurobiology of cocaine addiction.
The human norepinephrine transporter (NET) is a 69 kDa transmembrane protein with 617 amino acids belonging to the Na 1 /Cl 2 dependent class of cotransporters (Mandela and Ordway, 2006; Pacholczyk et al., 1991) . NET primarily clears norepinephrine norepinephrine (Pacholczyk et al., 1991) , and whether dopamine transporter (DAT) or NET is the predominant protein clearing dopamine depends on the relative abundance of the two molecules in a given region (Moron et al., 2002) .
Cocaine inhibits neurotransmitter uptake of human monoamine transporters, including the NET, DAT, and SERT (serotonin transporter), with comparable potency (with IC 50 values of 910, 278, and 410 nM, respectively). Noradrenergic function has been implicated in the aversive effects of cocaine (McDougle et al., 1994; Rothman et al., 2001; Schank et al., 2006) . Such aversive effects, in combination with its reinforcing/rewarding effects, may be important determinants of cocaine self-administration, (Freeman et al., 2008) . Conversely, NET inhibition by cocaine has been shown to mediate the reinstatement of drug seeking independent of physiological or behavioral markers of stress (Platt et al., 2007) , and mice lacking the norepinephrine transporter continue to selfadminister cocaine and respond with heightened sensitivity to the locomotor effects of the drug (Xu et al., 2000) . Given NE's influence on cocaine aversion/ reward, the modulation of brain noradrenergic systems offer one promising approach in the development of a cocaine pharmacotherapy (review; Vocci and Elkashef, 2005; Weinshenker and Schroeder, 2007) .
Alterations in NET concentration in the central nervous system following cocaine exposure have been identified in rats, nonhuman primate models, and postmortem human studies in cocaine users (Beveridge et al., 2005; Macey et al., 2003; Mash et al., 2005) . It has been shown that cocaine-induced reduction in glucose metabolism was attenuated in striatum but not in thalamus in DAT knock-out mice (Thanos et al., 2008) , suggesting the involvement of NET in cocaine effects in thalamus. Although these observations point to potentially important dysregulations in NET and NET-mediated neuroenergetics in response to chronic cocaine, (Weinshenker and Schroeder, 2007) , in vivo studies of NET regulation in clinical populations have yet to be explored. Furthermore, the NET has been a target of action of a number of drugs that are used long-term therapeutically. Investigations of how the NET and its function are regulated by long-term exposure to drugs are therefore crucial (Mandela and Ordway, 2006) .
Cocaine-induced changes in dopamine transporter, dopamine receptors, glucose metabolism, and distribution of radiolabeled cocaine itself have been extensively studied in vivo in cocaine abusers using positron emission tomography (PET) (Martinez et al., 2007; Volkow et al., 1995 Volkow et al., , 1996a Volkow et al., ,b, 1999 Volkow et al., , 2000 . While the cardiac effects of cocaine on NET have been studied in nonhuman primates (Fowler et al., 1994) , as alluded to above, no brain studies of the NET system incocaine abusers have been conducted to date. The primary reason for this has been the lack of a suitable PET radioligand. However, the recent development of C-11-labeled reboxetine derivatives showing specific localization and highly favorable binding kinetics in rats, nonhuman primates, and humans now make such studies feasible (Ding et al., 2003 (Ding et al., , 2006 Logan et al., 2007) . The highest brain concentrations of (S,S)-
were observed in midbrain regions followed by the thalamus, while the lowest concentration was observed in basal ganglia and occipital cortex; observations consistent with the known distribution of NET in brain (Ghose et al., 2005; Logan et al., 2007) .
High Resolution Research Tomograph (HRRT) is a dedicated brain and small animal scanner which has a resolution of up to 2.5-3.4 mm (de Jong et al., 2007) . This resolution is better than the HR1, which has a full-width at half maximum (FWHM) resolution of 4 mm. Thus, the use of this scanner allows for the detailed delineation and quantification of radiotracer uptake in small nuclei and subnuclei of the brain (Heiss et al., 2004) .
In this study, our aim was to determine the alterations in brain NET concentration due to aging and chronic cocaine use using [ 
METHODS Subjects
Twelve healthy control subjects (HC) (6 M, 6 F; mean 6 SD age, 35 6 10 years; range 25-54) and 10 cocaine-dependent individuals (COC) (7M, 3F; 44 6 3 years; range 39-49) were recruited for study. All subjects were physically healthy as determined by medical history, physical, neurological, ECG, and laboratory examinations. All COC subjects met DSM IV diagnostic criteria (6 6 1 items; range 4-7) for cocaine dependence, and were chronic (18 6 4 years), frequent (4 6 2 times per week), and current smokers of the drug as confirmed by unstructured psychiatric interview and laboratory urine toxicology testing for cocaine metabolite (benzoylecgonine). Cocaine-dependent subjects endorsed other drug use (n 5 6 alcohol, 4 cannabis, 4 nicotine); however, dependence on drugs other than cocaine (excluding nicotine), cocaine use for less than 1 year, exclusive or predominant intranasal use, pregnancy or breast feeding, or present or past history of neurological or primary Axis I psychiatric disorder (e.g., schizophrenia, bipolar disorder, major depression, etc.) were exclusionary. Individuals were studied either as inpatients or outpatients, with cocaine abstinence at the time of PET scanning established by 24-h inpatient supervision and/or negative urine toxicology testing, respectively. Since the urine toxicology test would detect trace amounts of the cocaine metabolite 3-4 days after cocaine use (despite the fact that there would be no cocaine existing in the body), it is reasonably assumed that the PET scan was performed at least 3-4 days after the last use of cocaine by abusers.
Following initial screening on the Clinical Neuroscience Research Unit, subjects participated in magnetic resonance imaging (MRI) and PET scanning on two different days.
MRI scan
An MRI scan (3 T) was collected in each subject for the anatomical coregistration with functional PET images during image analysis. The acquisition sequence was a 3D fast spoiled grass (FSPGR) MR pulse sequence with an IR prep of 300 ms (TE 5 3.3 ms, flip angle 5 178; slice thickness 5 1.0 mm) optimized for delineating gray matter/white matter/ CSF boundaries. The small voxel size (0.98 3 0.98 3 1.0 mm 3 ) provided high resolution volumetric images.
PET imaging
As described in previous reports (Ding et al., 2003) , we developed the entire synthetic strategy for the nor precursor of the C-11-labeled tracer (S,S)-MRB, including the preparation and chiral separation of its enantiomers, enabling the preparation of (S,S)-and (R,R)-[ 11 C]MRB and the conduct of initial comparative studies in baboons (Ding et al., 2003) . Since (S,S)-[ 11 C]MRB proved superior to any existing in vivo NET ligand (Ding et al., 2003 Logan et al., 2005) , we designed an asymmetric synthesis resulting in a single enantiomerically pure precursor that can be used directly for the radiosynthesis of (S,S)-[ 11 C]MRB, obviating the need of chiral separation by high-performance liquid chromatography (HPLC). After recrystallization, the enantiomeric purity of the precursor was >99% as checked by chiral HPLC. This compound was then subjected to the same synthetic strategy described previously to obtain (S,S)- Ding, 2004, 2005) .
Subject preparation
Subject preparation consisted of intravenous and arterial catheterization, and immobilization of the head using a thermoplastic mask.
PET acquisition
PET scans were acquired using an HRRT PET scanner (207 slices, resolution 2.5 mm FWHM in 3D acquisition mode). A transmission scan using an orbiting Cs-137 point source was obtained before the emission scan. Motion correction was performed dynamically with measurements from the Vicra (NDI Systems, Waterloo, Ontario) used by a dedicated listmode reconstruction algorithm (Carson et al., 2003) . Dynamic PET scanning was performed using HRRT for 120 min following a bolus injection of 740 MBq (max. injection dose) of [ 11 C]MRB. The extended scanning time in the current study [i.e., as compared to 90-min scanning time in our previous pilot studies in baboons and healthy humans (Ding et al., 2003 (Ding et al., , 2006 Logan et al., 2007) ] was used to improve the BP estimates; i.e., to reduce the noise. This is particularly important in quantitation of small regions with the HRRT. In the first phase of the study (5-10 min), the arterial input function was measured with an automated blood counting system (PBS-101, Veenstra Instruments, Joure, The Netherlands) using a continuous withdrawal system where the radioactivity in whole blood is measured with a calibrated radioactivity monitor. Subsequently, individual blood samples were taken at various time points. Samples were centrifuged to obtain plasma, which was counted. Selected samples were assayed by HPLC for the presence of unmetabolized, parent radiotracer. In addition, the fraction of plasma radioactivity unbound to protein was also determined. Subjects were asked to void immediately after the scan was completed to reduce radiation exposure to the bladder.
Kinetic analysis
The values of binding potential (BP ND ), which is linearly proportional to the density of the available NET concentration, were computed using a simplified reference tissue model (2-parameter version: SRTM2) (Wu and Carson, 2002) . The SRTM2-based values were validated against values obtained by multilinear method (MA1) (Gallezot et al., 2007) . Occipital cortex was used as the reference region.
Image analysis
An average image was generated for HC. New regions of interest (ROIs) for small regions were drawn on this averaged PET image for brainstem nuclei, including the locus coeruleus (LC), midbrain raphe, pontine raphe, red nucleus, thalamic (TH) subnuclei, and hypothalamus (Hy). These new regions were incorporated in the Automated Anatomical Labeling (AAL) template (Tzourio-Mazoyer et al., 2002) for the purpose of coregistration in Montreal Neurological Institute (MNI) space. The structure/volume and location of ROIs were determined based on the Talairach and Tournox atlas, the stereotactic atlas of the thalamus by Morel et al. (1997) and an article on the cytoarchitecture of dorsal raphe by Baker et al. (1990) .
Statistical analysis
The mean BP ND values for a given region of interest (ROI) were compared on a between group basis using an unpaired Student's t test. Pearson's correlation coefficient was used to describe the correlation between age and BP ND . A two-tailed P-value <0.05 was considered statistically significant.
RESULTS

High resolution imaging of brain NET using [ 11 C]MRB and HRRT
As seen in Figure 1 , the HRRT is able to clearly delineate the fine-scale regional distribution of [ 
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[ 11 (LC), midbrain raphe, pontine raphe, red nucleus, thalamic subnuclei, and hypothalamus (Hy) (Fig. 1) . This allowed for quantitation of NET in these brain regions.
Effect of age on [ 11 C]MRB binding in healthy controls
Inverse correlations between age and [ 
Effect of cocaine dependence on [ 11 C]MRB binding
A general trend of increases in BP ND values for COC subjects as compared to HC was observed for most NET rich regions (BP ND 0.4), including the TH (27%) and thalamic subnuclei [dorsomedial (30%), pulvinar (33%), and ventrolateral (22%)], Hy (8%), and LC (24%) ( Table I and Fig. 3 ). Among these regions, BP ND increases were significance in TH and the dorsomedial thalamic nucleus (COC vs. HC 5 0.59 6 0.14 vs. 0.47 6 0.09, P < 0.02; and 0.64 6 0.19 vs. 0.49 6 0.10, P < 0.03, respectively). Since the inverse correlations with age across regions (Fig. 2) , and given that COC subjects were, as a group, significantly older than HC in our sample (44 6 3 years vs. 35 6 10 years, P < 0.02), we conducted an age-normalization analysis to rule-out potentially confounding effects of age on our observed group differences. Specifically, BP ND in HC were age-adjusted using region-specific linear regression values and a mean HC age of 44 years (i.e., the same as for the COC group). Age-normalized results showed an increased and/or statistically strengthened effects of cocaine dependence on NET upregulation in eight of nine regions, including TH (37%; P 5 0.003), LC (63%; P 5 0.01), dorsomedial nucleus (41%; P 5 0.007), pulvinar (55%; P 5 0.02), and at trend levels, ventromedial nucleus (25%; P 5 0.07). In contrast, a nonstatistically significant trend of decrease BP ND was noted in red nucleus in COC as compared to HC subjects (-25%; P 5 0.12) ( Table I) . a Values in parenthesis refer to results based on an age-normalization analysis. **Statistically significant P value. *Statistically significant P-value after age-normalization.
DISCUSSION
Brain imaging studies of the NET in vivo have been hampered by the lack of suitable NET radioligands. After decades of search (see review article, Ding et al., 2006 , and the references cited within), positron emitter labeled reboxetine analogues have been considered to be, by far, the most promising PET tracers for studying brain NET system. We have shown that [ 11 C]MRB possesses properties that are highly favorable for the imaging of brain NET as a PET tracer, including: (a) a regional distribution consistent with the known distribution of NET in the brain; (b) high test/retest reproducibility in nonhuman primates and humans; (c) excellent specificity and selectivity for NET over other monoamine transporters, namely DAT and SERT; and (d) the short half-life of its 11 C label (t 1/2 5 20 min), enabling multiple assessments (e.g., baseline and drug intervention) in the same subject on the same day. Its ability as a ligand to assess NET occupancy by pharmacologic drug doses was first evaluated in humans with atomoxetine . No obvious dose-dependent effect was observed, which was apparently due to the doses of atomoxetine used in this human study being too high. The occupancy of the three clinically relevant doses all reached saturation; i.e., the plateau portion of the corresponding dose-occupancy curve; as a result, there was no obvious dose-dependent effect. The occupancy of NET by atomoxetine was further evaluated by carrying out investigations in a nonhuman primate model using much lower atomoxetine doses. With refined kinetic modeling methods, an unequivocal dose-dependent occupancy of atomoxetine was obtained, definitively demonstrating the suitability of [ 11 C]MRB for drug occupancy studies of the NET (Gallezot et al., 2008) . Although the slow clearance of [ 11 C]MRB in NET-rich regions such as thalamus posed a concern for kinetic modeling, the combination of a suitably designed infusion study paradigm, newly developed kinetic methodology, and high resolution HRRT afforded satisfactory quantitation of brain NET concentration. The detailed kinetic methodology and study results will be published elsewhere.
The current study investigated the role of NET in cocaine dependence using [ 11 C]MRB and HRRT. An increased binding potential of [ 11 C]MRB (uncorrected for potential age-effects) was observed in thalamus and dorsomedial thalamic nucleus in chronic cocaine users as compared to healthy controls. In addition, we noted an inverse relationship between age and NET concentration in healthy human subjects.
Observations of an increased binding of [ 11 C]MRB in our chronic COC subjects is consistent with previously published data in rodents, rhesus monkeys, and postmortem human brains (Beveridge et al., 2005; Macey et al., 2003; Mash et al., 2005) . Following chronic cocaine self-administration, [ 3 H]nisoxetine binding was increased in rhesus monkeys in the basal nucleus of stria terminalis, basolateral amygdala, subnuclei of the hypothalamus, entorhinalcortex, hippocampal formation (parasubiculum), and brain stem nuclei (A1 nucleus and nucleus prepositus) (Beveridge et al., 2005; Macey et al., 2003) . Increased NET protein expression, studied by immunoblotting, and increased [ 3 H]nisoxetine binding were also noted in insular cortex in a human postmortem study of human cocaine abusers (Mash et al., 2005) . Similarly, an upregulation of NET mRNA in the locus coeruleus was noted following chronic binge administration of cocaine in rats (Burchett and Bannon, 1997) .
Thalamus is a NET-rich region of the brain (Biegon and Rainbow, 1983; Burchett and Bannon, 1997) . [ 11 C]Cocaine has been shown to bind in thalamus (Telang et al., 1999) (which is likely due to its binding to NET) and intermediate levels of radiolabeled cocaine have been noted in the dorsomedial and ventrolateral nuclei of thalamus. Intriguingly, both nuclei have also been implicated in the circuitry of cocaine addiction (Schmidt et al., 2005) . Cocaine administration attenuated a decline in glucose metabolism in basal ganglia of DAT knock-out as compared to wildtype mice, whereas in thalamus, an attenuation of glucose metabolism persisted in both groups, suggesting its mediation by DAT-independent mechanisms) (Thanos et al., 2008) . Abnormalities of thalamo-cortical pathways were recently reported in cocaine abusers using functional MRI (Tomasi et al., 2007) . In our study, among the thalamic subnuclei, dorsomedial nucleus was most robustly dysregulated in our COC subjects. These results are intriguing given observations that the dorsomedial nucleus receives substantial afferent innervation from limbic-related brain areas and, in turn, provides major efferent projections to the prefrontal cortex, including the medial and orbitofrontal cortex (Hurd and Fagergren, 2000) . Excitotoxic lesions of the mediodorsal thalamic nucleus 
Synapse
have also been shown to attenuate intravenous cocaine self-administration in rats (Weissenborn et al., 1998) .
In addition, we noted a general trend of increased binding in COC as compared to HC for LC, Hy, pulvinar and ventrolateral thalamic nucleus. In fact, the effect in LC and pulvinar attained statistical significance following age-normalized comparisons. Moreover, the specificity of this effect in these regions, especially in LC, is highlighted by the absence of any increase (and, in fact, a decrease) in the binding potential in the adjacent regions such as midbrain raphe and red nucleus (Beveridge et al., 2005) . This is quite intriguing as uniform increases observed in COC vs. HC across all regions might be interpreted as a potentially nonspecific/global effect (i.e., not necessarily NET related); however, this is certainly not the case for the current study. The reasons for the downregulation in these specific regions are not known. A significant reduction NET protein and mRNA expression as well as NET function and [
3 H] norepinephrine binding in the spinal cords of rats after chronic cocaine exposure has been reported (Zhao et al., 2002) . Rubro-spinal tract is a fiber bundle arising from the red nucleus and projecting to the spinal cord. Thus, whether the reduction of NET in midbrain raphe and red nucleus observed in our COC study is related to a reduction in spinal cord and the rubro-spinal tracts, needs further investigation.
The increased binding of [ 11 C]MRB could be due to an increased synthesis of the NET protein, its increased surface expression, or both. Similarly, it is not clear whether [ 11 C]MRB binds exclusively to the NET expressed on cell surfaces, or whether intracellular NET is a target as well. Increased NET expression observed in postmortem human brains in cocaine abusers (Mash et al., 2005) points towards an increased synthesis of NET. On the other hand, cocaine-induced upregulation of phosphatases (Yuferov et al., 2003) , which in turn maintain a check on NET internalization from the cell membrane (Jayanthi et al., 2004) , points towards an increased expression of NET on the cell membrane. Indeed, cocaine is known to induce upregulation of transcription factors CREB and DFosB that, in turn, to upregulate a large number of proteins and receptors (McClung and Nestler, 2003) . Furthermore, activation of Protein Kinase C-mediated phosphorylation leads to an internalization of NET mediated by lipid rafts (Jayanthi et al., 2004) , and reduction in V max of [ Future studies should focus on individualized ROI placement on regions such as locus coeruleus. Modified MR sequences, which potentially could better localize the position of locus coeruleus using the contrast generated by its neuromelanin content (Shibata et al., 2007) , and the use of nonlinear coregistration and partial volume correction methods are currently under investigation. A bigger sample size to confirm the results of the current study is needed. Additional studies to better understand the time course of these changes with respect to drug abstinence, potential relationships between degree of NET dysregulation and clinical outcome, as well as more sophisticated efforts to correlate regional changes in NET with symptoms/clinical features mediated by these same structures are also important.
CONCLUSION
Our results suggest that (a) NET concentration is reduced with age in healthy brain, particularly in locus coeruleus, hypothalamus, and pulvinar thalamic nucleus, and (b) there is a significant upregulation of NET in thalamus and dorsomedial thalamic nucleus in cocaine abusers as compared to healthy controls. Our results also suggest that the combination of [
